hemoglobins . Tomoda (38) , Hosoi (19) , and Dan and Hagiwara (8) , using fluorescein-conjugated antibodies against human hemoglobins A and F, concluded that in normal human adults a few erythrocytes contain both hemoglobins A and F . The last authors found that 5%o of human adult erythrocytes contain both hemoglobins A and F . Gitlin et al . (15) , using an immunochemical technique, found that 0 .5-0 .9% of the normal adult erythrocytes contain small amounts of hemoglobin F . For the human, therefore, all of the existing evidence indicates that both fetal and adult hemoglobins can be present within the same erythrocyte. Also, in metamorphosing Xenopus laevis, Jurd and Maclean (20) found by immunofluorescent labeling that up to 25% of the blood red cells contain both adult and tadpole hemoglobins .
This, however, may not be a general phenomenon . Fantoni et al . (12) presented indirect evidence that in the mouse the switch in the type of hemoglobins formed during embryonic development is associated with the substitution of one erythroid cell line for another . More recently Rosenberg (34) found, by electrophoresis of hemoglobin from individual cells, that circulating erythrocytes of metamorphosing R . catesbeiana tadpoles contain either tadpole or frog hemoglobin but not both.
The experiments reported here deal with the question of the simultaneous presence of tadpole and frog hemoglobins within the same erythrocyte during metamorphosis of the bullfrog (R . catesbeiana) . Both tadpole and frog have multiple hemoglobins (1, 2, 13, 31, 32) . The major frog and tadpole hemoglobin components, unlike the human hemoglobins, do not share a common polypeptide chain .
The basis for our study was the observation of Moss and Ingram (30) that a tadpole, when treated with thyroxine, shows an initial decrease in the rate of tadpole hemoglobin synthesis by circulating erythrocytes . This is followed by an increased rate of frog hemoglobin synthesis. Such a pattern of hemoglobin synthesis could reflect the changes in activity within individual erythrocytes or, alternatively, could indicate that the cells producing tadpole hemoglobin cease functioning and a new population of cells, producing exclusively frog hemoglobin, appears . If the first alternative is correct then there should be cells during metamorphosis that contain both tadpole and frog hemoglobins . If the second alternative is correct, the two hemoglobin types should reside in different cells .
For the detection of tadpole and frog hemoglobins, use was made of the specific antisera characterized previously (27) . Two methods were employed with preparations from circulating blood and liver imprints : (a) immunofluorescent staining and (b) the microprecipitation method described in references 14 and 15 .
MATERIALS AND METHODS
The preparation and properties of the rabbit antisera against the major frog and tadpole hemoglobins used in this study have been described previously (27 (29) . Conjugation was carried out essentially as described in references 4, 16, and 41 using 30 pg/mg of immunoglobulin for TRITC and 15-25 jug/mg for the FITC . The antisera were first fractionated in 40% ammonium sulfate saturation at 2°C . The ammonium sulfate-precipitated globulin was subsequently fractionated on DEAE-cellulose into two fractions ; the first (referred to as pool A) was eluted at 0 .01 M sodium phosphate, pH 7.5, and the second (pool B) at 0.05 u sodium chloride, 0 .01 M sodium phosphate, pH 7 .5.
In our experiments we used fluorescein isothiocyanate for labeling the fractionated antibodies against frog hemoglobin and tetramethylrhodamine isothiocyanate for the antibodies against tadpole hemoglobin. Two fractionated antisera were labeled for each category . In addition, samples of fractionated normal rabbit globulin were labeled with each dye separately and served as controls . The coupling reaction was carried out with immunoglobulin at 10 mg/ml in a 13 X 100 mm Pyrex tube (Corning Glass Works, Corning, N .Y.) at 2°C with continuous stirring with a a Teflon-coated magnetic rod . The pH was controlled with a Radiometer-Copenhagen autotitrator (London Co., Cleveland, Ohio) with a temperature compensator, and kept at pH 9 .5 by the addition of 0.1 N NaOH through a thin piece of polyethylene tubing at the bottom of the tube. After 2 hr the tubes were sealed and left at 2°C for 16 additional hr . The reaction mixture was diluted 10-fold with 0.01 M sodium phosphate buffer, pH 7.5, and refractionated on DEAEcellulose . Fraction Number pools A and B. The first conjugated globulin to be eluted from the column is the one with the lowest fluorochrome content. The pooled fractions from each of the first four peaks of both preparations (Al-A4 and BI-B4) had antibody activity as detected by immunodiffusion in agar . They reacted only with the homologous antigen . The rhodamine-labeled globulin, after the completion of the reaction, was passed through a column of Sephadex G-50 (Pharmacia Fine Chemicals Inc ., 392 THE JOURNAL OF CELL BIOLOGY . VOLUME 49, 1971 FIGURE 1 Fractionation of rabbit fluorescent immunoglobulins . Fig. 1 A shows rechromatography on DEAE-cellulose of pool A after conjugation with fluorescein isothiocyanate. Fluorescein isothiocyanate and its hydrolysis products are retained by the anion exchanger . The sample in a volume of 8 ml was applied on the column . Buffer was 0 .01 M sodium phosphate, pH 7 .5 . Fractions of 2 ml were collected every 5 min . Fig . 1 B shows rechromatography of pool B after conjugation with FITC . Sample volume was 6 ml ; flow rate was 2 .6 ml/5 min . Uppsala, Sweden) to separate the conjugated protein from the unreacted dye and its low molecular weight derivatives, which are not retained by the DEAEcellulose . The fractions corresponding to the conjugated protein were pooled and refractionated by DEAE-cellulose chromatography . Fig . 2 shows the patterns of stepwise elution of these preparations . The pooled fractions of the first two peaks of both preparations retained their antibody activity against tadpole hemoglobin (homologous antigen) and did not 
Smears of Red Blood Cells
Red blood cell smears were prepared as described in reference 26 .
.4
= mg/ml (4) .
Tissue Cell Smears
Liver, spleen, and kidneys from exsanguinated animals were washed with phosphate-buffered sodium chloride p = 0 .02 (3.212 g NazHPO4, 1 .24 g NaH 1PO 4 • H z O, and 2.432 g NaCl per liter) . They were then teased apart with needles and shaken in a tube with a Vortex mixer (Scientific Industries, Inc ., Queens Village, N.Y .) . The large pieces of tissue were allowed to sediment and the supernatant was centrifuged in a clinical centrifuge . The sedimented cells were washed three more times with the above buffer, redispersed in 5% bovine serum albumin in this buffer, and smeared .
Tissue-Touch Imprints
Tissue-touch imprints were prepared as described in reference 26 .
Staining of Sections and Smears with Fluorescent Antibodies
The slides to be stained with fluorescent antibodies were, after fixation in methanol, immersed in a solution of 3% Tween 80 (Fisher Scientific Company, Pittsburgh, Pa .) in the phosphate buffer described above, left in the mixture for 16 hr at room temperature, and then washed for 1 hr with frequent changes of the buffer. About 50 t4l of the fluorescent globulin solution were placed in a small area of the smear. The slide was incubated in a humid chamber either at room temperature or at 37°C for 30 min, rinsed with buffer, and immersed in a large volume of buffer on a gyrating table for 1 hr. The buffer was changed twice during that period . The slides were drained and the imprints were mounted for examination in buffered glycerin (FA mounting fluid, Difco Laboratories, Detroit, Mich .) under coverslips .
Sequential Staining with Dif ferent Fluorescent Antibodies
The technique described in reference 17 was followed . The slide was first stained for frog hemoglobin-containing cells . The particular field was identified by vernier reading and photographed . The same slide was then treated with antitadpole-Hb antibodies. The same field was located and examined for the presence of yellow cells or a shift in the color of cells previously stained . 
Microscopy

Sensitivity of Double Staining
One of the drawbacks of the fluorescent staining method is the lack of an absolute measure of the sensitivity of the method, i .e ., what is the lowest percentage of the minor antigen that the method can detect? In order to get a rough and indirect estimate of the sensitivity, frog and tadpole hemoglobins were mixed in various proportions to a final total concentration of 2 mg/ml . A drop of the mixture was placed on a microscope slide, dried, fixed with methanol, and then stained sequentially with fluorescent antibodies to frog and tadpole hemoglobins . The slide was then observed under the microscope for fluorescence. It was thus determined that frog hemoglobin was detectable in the presence of a 400-fold excess of tadpole hemoglobin when the mixture was stained with only antifrog-Hb antibodies . When the slides were stained simultaneously with both conjugated antibodies, frog hemoglobin was detectable in the presence of 200-fold excess of tadpole hemoglobin .
Quantitation of Hemoglobin in Single Erythrocytes by Micro precipitation in Antibody-Agar Plates
The technique used was essentially the one described in references 14 and 15, with slight modifications . The antiserum-agar mixture contained (per 100 ml) 1 .5 g agar (Purified, Difco Laboratories, Detroit, Mich .) in 0 .1 M borate buffer, pH 8 .6, 0.05 M NaCl, and amounts of antibodies sufficient to give distinct precipitates (previously determined) . The final dilution of the antiserum in the agar was 1 /8 for the antiserum against frog hemoglobin and 1 /4 for the antiserum against tadpole hemoglobin . The size of each gel on a microscope slide was 25 mm X 15 mm . On each gel, 1-3 drops of a washed erythrocyte suspension in amphibian Ringer's (concn I X 10 6 cells per ml) were applied . To facilitate recognition of the microscopic field after the lysis of the cells and incubation, particles of styrene divinylbenzene copolymer latex (Dow Chemical Co ., Bioproducts Department, Midland, Mich .) were added to the antibody-agar mixture before gelation . 3 Al of a 10% suspension (particle diameter 25-55 µm) were added per milliliter of antibody-agar . After the addition of the erythrocytes to the surface of the gels the cells were photographed at 80 X with a phase objective and the position of each field was registered by vernier readings. Because of the thickness of the wet preparations, it was, usually, necessary to take more than one picture per field, focusing at different depths in order to record all of the latex particles present in a particular field . The microscope slides were subsequently placed in a toluene atmosphere for 30 min to lyse the cells and then incubated for 7 days in a humidity chamber at 21°C .
The recognition of the microscopic fields after incubation was based on both vernier readings and the presence of latex particles in the field (the particles were not affected by the toluene treatment) (Fig . 5) .
The diameter of the precipitates was measured on the projected photographic negatives . As a reference, we used a picture of a hemocytometer projected under conditions identical to those for the precipitates . The conversion of the diameter of the microprecipitates to absolute amounts of specific hemoglobins per cell was done according to the method described in reference 14, with some corrections . It was determined that the diameters of precipitates formed around 2-mm wells in the antibody-agar plates, prepared and treated the same way as those used with the erythrocyte suspension, gave a straight line when plotted versus the logarithm of the concentration of hemoglobin solution placed in the well (11) . For tadpole hemoglobin the highest concentration in the tadpole red cell lysate tested was 34 mg/ml . For frog hemoglobin this concentration was 110 mg/ml.
Microphotography
For photography of fluorescent preparations, pictures were taken either with a Polaroid camera (black and white) or with a Zeiss camera (color) . A polaroid type 47 film (ASA 3000) was used for black and white pictures ; Anscochrome 500 (daylight type), GAF Corp ., New York, was used for color slides .
The cells plated on agar and the microprecipitates formed in the agar were photographed with Tri-X Pan (400 ASA) Kodak film. For the microprecipitates a dark-field condenser and an electronic flashlight were used.
The microscope was mounted on a vibrationabsorbing base, (Leitz, Wetzla-Germany) .
OBSERVATIONS Cellular Localization of Hemoglobins by Immuno luorescence
In order to minimize the main drawback of the immunofluorescent techniques, i .e . the nonspecific staining, the antibodies had been fractionated before and after conjugation with the dyes . The fluorescent antibodies were used mainly for the examination of the immature erythrocytes in liver imprints and liver cell suspensions, since it was shown (26, 27) that the immature cells and frog hemoglobin are detectable first in the liver and later, simultaneously, in the blood, spleen, and kidney. The rationale for concentrating on the liver preparations was as follows . We assumed that if the erythroid cell were able to switch on frog hemoglobin production, while tadpole hemoglobin synthesis was in progress, this would occur not in the mature erythrocyte but at an earlier maturation stage while the nucleus was still active . The large amounts of frog hemoglobin already present in the circulating mature red cell could interfere with the detection of tadpole hemoglobin .
TISSUE SECTIONS :
No systematic studies were done with frozen sections because of the danger of diffusion of a soluble, unfixed antigen during the preparation which could result in ambiguous double staining . Kagen and Gurevich (21) experienced such difficulties in trying to localize myoglobin in muscle . Sections of ethanolfixed, paraffin-embedded tissues were used instead . Sections of kidney, liver, spleen, and bone marrow from premetamorphic and metamorphosing tadpoles, as well as from adult frogs, were examined. Premetamorphic tadpoles' and adult frogs' sections stained only with the homologous fluorescent antibodies in both sequential and simultaneous staining with the two fluorescent preparations. The staining of sections from animals undergoing metamorphosis (natural and thyroxine induced) gave the following results (animals at metamorphic climax) : (a) Spleen : The sections were mainly stained with the antitadpole-Hb preparation (orange) . There were, however, several cells which stained with the antifrog-Hb (green) preparation ; only the cytoplasm was stained, the nuclei were not. These cells were individually spaced and not in clusters . The search for doubly stained cells was mainly done in imprints and smears of blood and of various organs, particularly of the liver of metamorphosing animals, for the reasons mentioned before . It was considered necessary to stain the cells on slides after fixation and not in suspension, to avoid contamination of the cells in vitro with the second antigen which could result in double staining . Smears of peripheral blood were used first to test the method . Tadpole red cells were stained faintly with the rhodamineconjugated antitadpole-Hb antibodies . Frog red cells, however, did not stain with any of the preparations. It was thought that the reason for the failure of fluorescent staining of frog red cells was probably that the hemoglobin was not exposed sufficiently to the antibodies ; that is, the membrane of red cells was not disrupted enough by air drying and methanol treatment. Only after pretreatment of the fixed smears with Tween 80 was positive fluorescent staining obtained (25) . Therefore, all preparations were treated with Tween 80 as described in Materials and Methods . This treatment does not increase autofluorescence .
Frog red cells stained mainly over the nuclear region (Fig . 3, top) . One explanation for the 396 THE JOURNAL OF CELL BIOLOGY . VOLUME 49, 1971 peculiar pattern of staining is that light absorption by the relatively large amounts of heme present in the cell interferes with the fluorescence of fluorescein. This chromophore absorbs at a wavelength of 490 nm and fluoresces at 520 nm (33) ; this is near the region of maximum absorption for heme compounds . The nuclear region of the erythrocyte, because of the shape of the cell (protruding nucleus), has less hemoglobin underlying it than the cytoplasmic region . In favor of this explanation are the following observations : (a) In thin sections (4 µm) of frog tissues the cells stained with fluoresceinconjugated antifrog-Hb antibodies fluoresce in the cytoplasmic but not in the nuclear area . (b) Morphologically immature cells from imprints of adult frog bone marrow and of livers of metamorphosing tadpoles are stained mainly in the cytoplasm. Cells in more advanced maturation stages stain in the nuclear region as do the mature erythrocytes (Fig . 4) . (c) Smears of frog erythrocytes fixed in cold acid-acetone did not stain over the nucleus but in the cytoplasm . Treatment with acid-acetone is known to dissociate the heme from the hemoglobin (35) (Fig. 3, bottom) . This treatment damages the erythrocytes severely ; therefore, it could not be used routinely for the purpose of this study . (d) Solutions of frog hemoglobin and of the globin derived from it were prepared in concentrations of 10, 2, 1, and 0 .5 mg/ml . 1 drop from each was placed on a microscope slide, dried, fixed in methanol, and stained with the fluorescent antifrog-Hb antibodies . The intensity of the fluorescence of the hemoglobin solutions decreased as the concentrations increased, while the intensity of the fluorescence of the globin solutions paralleled the concentration .
STAINING OF IMPRINTS FROM PREMETA-MORPHIC TADPOLES :
In all preparations examined (blood, liver, kidney, spleen) the cells retained only the rhodamine-conjugated antitadpole-Hb antibodies . The immature erythroid cells present in the liver preparations stained in the cytoplasm with rhodamine very well . No cells which stained green (for frog hemoglobin) could be seen, nor were there cells whose orange fluorescence changed after the application of the green antifrog-Hb antibodies. The only exception was the bright green fluorescence of the granules of the cells similar to the eosinophils . Nonspecific staining of these granules by fluorescein-conjugated antibodies has been reported repeatedly (17, 28) . From each preparation 200-300 in- dividual cells were examined with both sequential staining and the use of filters (see Table I ) .
IMPRINTS FROM ADULT FROGS : Imprints of liver, kidney, spleen, and bone marrow, as well as blood smears, were examined . As with the premetamorphic tadpoles, no doubly stained cells were found . Morphologically immature cells which stained with green fluorescent antibodies (antifrog-Hb) were found in abundance in the bone marrow . These cells stained primarily in the cytoplasmic region, as mentioned above .
PREPARATIONS FROM TADPOLES UNDER-
GOING METAMORPHOSIS : Animals undergoing both natural and thyroxin-induced metamorphosis were studied . Although imprints from spleen, liver, kidney, and bone marrow were examined, particular attention was paid to the imprints or smears of cell suspensions from the liver . More specifically the maturing cells were carefully searched for double staining . In the sequential staining the fluorescein-labeled antibody to frog Hb was applied first, because it is easier to detect the green fluorescence in the presence of orange fluorescence (5) . Artificial mixtures of premetamorphic tadpole and adult red blood cells in known proportions were smeared and stained with both fluorescent preparations. The proportion of cells of each type determined by immunofluorescence was as expected. From each preparation two imprints or smears were examined and at least 300 individual cells were looked at . Table I shows cell counts from a series of naturally metamorphosing tadpoles . Only the percentage of the immature erythroid cells relative to all erythroid cells is given . In both series of experiments, during natural and thyroxin-induced metamorphosis, no doubly stained cells were found . It was striking that when the "green" (stained for frog hemoglobin) immature cells first appeared there were no "orange" cells (stained for tadpole hemoglobin) of comparable maturation (Fig . 4) . All of the "orange" cells were of considerably more advanced maturation stages . In total, more than 10,000 individual cells from the liver of metamorphosing tadpoles were examined .
Microprecipitation in AntibodyAgar Plates
For each experiment three types of agar plates were usually employed . The first plate contained a mixture of both antisera at the appropriate dilution (one against frog hemoglobin and one against tadpole hemoglobin) ; the second plate contained antibodies to tadpole hemoglobin only ; and the third contained antibodies specific for frog In order to test the accuracy of the method, artificial mixtures of tadpole and frog blood cells were tested . Each blood preparation was tested separately, before mixing, to ascertain that it contained cells reacting only with the corresponding antiserum. Table II shows the results of this test . Although the starting population of cells reacted only with one antiserum, the percentages of cells reacting with antifrog-or antitadpole-Hb serum do not add up exactly to the percentage of cells reacting with the mixture of the two antisera . In one case (mixture 3) the difference is considerable . This can be attributed to the fact that some cells lyse quickly after plating (before being photographed), thus introducing an error. The magnitude of this error probably varies depending on such factors as the time interval between plating and photography, humidity of the air, etc . Another possible source of error is the fact that the optical background of the agar plates containing the mixture of the two antisera is high, making the detection of small precipitates difficult . Thirdly, occasionally two cells adhere to each other and photograph as single dots.
The smallest precipitate observed in this study had a diameter of 50 .sm . This corresponds to an TABLE I * The number includes mature cells also .
hemoglobin . The first plate gives the percentages of cells containing tadpole or frog hemoglobin, respectively. If some erythrocytes contained both tadpole and frog hemoglobins they would be capable of forming precipitates in either plate . In that case the sum of the percentages of cells reacting with either antifrog or antitadpole-hemoglobin antibodies should be larger than the percentage of cells forming precipitates in the plate containing the mixture of the two antisera . If, on the other hand, tadpole and frog hemoglobins are in different cells, the sum of the two percentages should be equal to the percentage of cells reacting with the mixture of the antisera . Table II estimated amount of 1 .2 X 10-12 g/cell for frog hemoglobin and 10 X 10-12 g/cell for tadpole hemoglobin (see Materials and Methods) . These amounts then represent the lower levels of sensitivity of the method . Table III gives the results obtained with metamorphosing (thyroxine induced) tadpoles . The comparison of the percentages of cells containing frog hemoglobin in the circulating blood and in the liver cell suspension of the same animal (animals No . 1, 2, 3, 4, and 5) shows that the liver preparations contained always a higher proportion of erythroid cells with frog hemoglobin . This is in agreement with the conclusion drawn on the basis of morphological and independent immunological evidence that during metamorphosis the erythrocytes mature in the liver (26, 27) . The mean frog hemoglobin content of erythrocytes of thyroxinetreated animals is 28 .5 pg for the circulating cells and 9 .4 pg for liver cells (Table III ; Fig . 6 ) . For adult frog erythrocytes this mean is 235 pg/cell . The percentages of cells, which the data indicate should contain both frog and tadpole hemoglobins, range from -3 .2 to + 6 .4 . Except for the 6 .4 value, the others fall, apparently, within the experimental error of the method and are probably not significant . The 6.4 value is difficult to assess in view of the results obtained with one of the artificial control mixtures (Table II, 3) . It should be noted that in the animals for which the data are not complete (Table III, The different morphologic characteristics of the new red cells appearing during both natural and thyroxine-induced metamorphosis have been described (10, 18) . Also, in the developing chick The mechanism which blocks polyspermy (9) can be used as a superficial analogy for another hypothesis . This alternative hypothesis, which does not imply a fundamental difference between the above two cases of erythroid differentiation, is the following. We assume that normally the two differentiated states (fetal and adult or larval and adult hemoglobin synthesis) are mutually exclusive
and that a stem cell may differentiate in either direction, depending on the stimulus it receives .
This means that the cell has a control mechanism such that once the cell starts differentiating in one direction, it is prevented from differentiating, at the same time, in the other direction . There is, however, a time lag between the arrival of the stimulus for differentiation in one direction and the activation of the control mechanism . During this lag, the cell is receptive to both stimuli, i .e., to produce both adult and fetal hemoglobins . The difference, then, between animals in which no cells with both hemoglobins have been found (R . catesbeiana) and those which have cells with fetal and adult hemoglobins (human) might only be in the magnitude of this lag .
